New tetramethoxy-(tetra-hydrazinecarboxamide) cyclophanes with unexpected anti/anti conformation were prepared from the addition of chiral dioxolane-based dicarbohydrazides to 4,4′-diisocyanato-3,3′-dimethoxy-1,1′-biphenyl in anhydrous THF. The molecular recognition of the macrocycles to a selection of chiral carboxylic guests, i.e.,
Introduction
Molecular recognition has been given considerable attention during the past several decades.
1,2 It refers to the interactions taking place between two or more molecules via noncovalent bonds, such as hydrogen bonds (H-bonds), metal coordination, van der Waals and hydrophobic forces or π-π stacking. Most of the biological processes occurring within the human body rely mainly on recognition, such as ligand-protein, DNA-protein and RNA-protein interactions. [3] [4] [5] Nature is rich took place through addition of chiral dioxolane-based dicarbohydrazides to aromatic diisocyanates under conformational bias of the dicarbohydrazide precursors. Both (R) and (S) enantiomers can be readily obtained in high yields as sufficiently pure products. In this contribution, we discuss the synthesis of new oxygenated tetra-(hydrazinecarboxamide) cyclophanes with unexpected anti/anti orientation of the amide functionalities and assess their solution-phase recognition to a selection of carboxylic guests by using direct injection ESI-TOF MS and MS/MS. The ESI-TOF mass spectrum, in the positive ion mode, afforded a peak at m/z 1051.3 for the sodium adduct of macrocycle 11 ( Figure 2 and Table 1 ). It is noteworthy that the cyclophane macrocycles, which were obtained by addition of the dioxolane dicarbohydrazides 1-5 to either 4,4′-oxybis(isocyanatobenzene) 7 or bis(4-isocyanatophenyl)methane 8 adopted a syn/anti conformation, which was stabilized by two intramolecular H-bonds (NH … CO). 25 The isocyanate moieties in the aforementioned diisocyanates form a dihedral angle less than 180º. The [2+2] macrocycles were selectively formed as solo products from the addition of dicarbohydrazides 1-5 to diisocyanates 7 and 8. Macrocycles or oligomers with higher molecular weights (MWs) were not observed as products from the addition reaction. In the case of trianglimine macrocycles, the geometry of the carbonyl moieties in the dialdehyde precursors determines to a large extent the types of product from the cyclocondensation reaction. Dialdehydes with dihedral angles less than 180º give a mixture of the [2+2] and [3+3] cyclocondensation products upon reaction with trans-(1R,2R)-1,2-diaminocyclohexane. 28 The [3+3] macrocycles form selectively in cases where the dihedral angle between the carbonyl moieties equals 180º. We expected formation of high MW macrocycles by addition of the dioxolane dicarbohydrazides 1-5 to diisocyanate 6 in which the dihedral angle between the two isocyanate moieties is 180º. However, the [2+2] macrocycles were the only products to be obtained from this reaction as confirmed by ESI-TOF MS and MS/MS. In this particular case, formation of the [2+2] macrocycles must be accompanied by conformational change of the NH moieties. Interestingly, the 2D ROESY NMR spectra of the new macrocycles showed no through space interactions between NH 1 -NH 3 and NH 3 -NH 4 , which suggested an anti/anti orientation of the NH moieties (Fig's 1 and 3 ). It also showed no cross peak correlations between the NH moieties and the aromatic or the methoxy protons, which suggested that the four methoxy moieties point outwards with respect to the cavity of the macrocycles. (a) Positive ion mode, (b) negative ion mode.
Tetra-(hydrazinecarboxamide) cyclophane macrocycles can accordingly be prepared in a stable and isolable syn/anti or anti/anti conformation by simple variation of the dihedral angle between the isocyanate moieties in the diisocyanate precursor. Switching the conformation of a macrocycle from one form to another is common and can be induced by addition of an external stimulus, such as an anion, which binds preferentially to one form and stabilizes it. 37, 38 An example of anion-induced conformational change of a macrocycle is the isophthalic acid-based macrocyclic tetra-amides. 38 The tetra-amide macrocycles adopt a syn/anti conformation, which is stabilized by two intramolecular H-bonds. Addition of an anion breaks the H-bonds and switches the conformation to all-syn. The new cyclophanes 9-13 constitute an interesting example of conformational dependence of the macrocycles on the geometry of their precursors. The openframework compounds 14-21, which mimic the backbone structure of macrocycles 9-13, were prepared by addition of (4R,5R)-or (4S,5S)-1,3-dioxolane-4,5-dicarbohydrazides 1 and 4 to substituted aromatic isocyanates ( Figure 4 The ESI-TOF MS showed the expected molecular ion peak at m/z 547. . The stacked variable temperature NMR spectra (VT NMR) of 14 in DMSO-d 6 showed downfield shifts of the NH protons on heating as a consequence of breaking the intramolecular H-bonds (see the Supporting Information).
Investigation of solution-phase recognition by using mass spectrometry ESI-TOF MS is found to be a powerful technique in the analysis of Ht/Gt complexes formed in solution. 15, 17 It has been widely used in examining both inter-and intramolecular noncovalent interactions. With soft ionization techniques, such as ESI, these interactions can be preserved.
An important advantage of using ESI-TOF MS in studying noncovalent interactions is the absence of the competing effects of the solvents. Another feature of ESI-TOF MS and MS/MS is the ability to provide precise information about the stoichiometry of the species forming the supramolecular complexes in the gas-phase and to gain more insight into the mechanism of their assembly. Thus, by using a suitable soft ionization source, the observed molecular ion peaks will correspond to the sum of the MWs of the individual species, if two or more molecules assemble in solution and transfer into the gas phase. In the MS/MS experiments, the ions of interest can be trapped and dissociated by collision energy. As the energy increases, the Ht/Gt complexes can be dissociated into their individual constituents. Macrocycles 9-13 formed stable 1:1 Ht/Gt complexes with the chiral carboxylic guests 22-27. The high resolution mass spectrometry (HRMS) data of the Ht/Gt complexes 11/22-27 and 14/22-27 are shown in Table 2 . The ESI-TOF MS of complex 11/22 showed a Ht/Gt peak at m/z 1177.3. It gave on dissociation a base peak at m/z 1028.3 for the protonated macrocycle 11 (see Figure 5a and the Supporting Information). Interestingly, macrocycle 11 showed propensity to incorporate two molecules of D-glucuronic acid 27. The ESI-TOF MS of complex 11/27 showed an intense peak at m/z 1221.3, corresponding to the 1:1 Ht/Gt complex 11/27 [ -(see the Supporting Information). Tetra-(hydrazinecarboxamide) cyclophanes with a syn/anti conformation, which were prepared from dioxolanes 1-5 and diisocyanates 7 and 8, formed stable Ht/Gt complexes with carboxylic guests as similar to macrocycles 9-13. 39 On the other
hand, the open-framework compounds 14-21, which mimic the backbone structure of macrocycles 9-13, exhibited molecular self-assembly at high concentrations in CH 3 CN/DMF. 40 The ESI-TOF MS of compound 18 showed four peaks at m/z 627.3, 1231.5, 1835.9 and 2441.2, corresponding to the sodiated monomeric, dimeric, trimeric and tetrameric supramolecular aggregates. The ESI-MS/MS of the trimeric complex gave a base peak at m/z 627.1 for the sodiated monomer and an intense peak at m/z 1231.4 for the sodiated dimer (see the Supporting Information). Compounds 14-21 formed structurally unique self-assembled aggregates upon mixing with guests 22-27. 40 We expected formation of 1:1 and 2:1 Ht/Gt complexes. However, the compounds formed assembled aggregates of the type and order
which were lined up in a row-like structure and bonded together via intermolecular H-bonds. 40 The ESI-TOF MS of the Ht/Gt complex 14/22 showed six intense peaks at m/z 547. Figure 5b and Table   2 ). ESI-MS/MS was employed to determine the exact binding mode between the assembled associations of the Ht/Gt complex 14/22. 
Molecular modeling studies
The molecular recognition studies by ESI-TOF MS and ESI-MS/MS were complemented by molecular modeling optimizations in order to explore the proper sites of the Ht/Ht and Ht/Gt interactions. The molecular structures of compounds 9 and 18 were energy minimized at the AM1 level using HyperChem software (Release 8.0) until the root mean square (RMS) gradient was less than or equal to 0.01 kcal.mol −1 . 35, 36 The through space interactions from the 2D
ROESY NMR experiments were used for subsequent structure model building. The computed structure of macrocycle 9 indicated the presence of four CONH moieties in the cis conformation, which is essential for the success of macrocyclization reaction. A syn/anti orientation of the NH moieties would give undesired polymers. It also showed free rotation around C (16) -C (17) and C (36) -C (37) single bonds ( Figure 6 ). The molecular electrostatic potential (MEP) modeling was used to predict the possible sites of recognition between the Ht/Ht and Ht/Gt aggregates. The MEP maps of compounds 9 and 18 showed that the negative potential sites are located on the dioxolane and carbonyl oxygen atoms, while the positive potential sites are around the NH hydrogen atoms. The computed structure of the Ht/Gt complex 9/22 showed possibility of formation of an intermolecular H-bond between CO 
Experimental Section
General. All solvents and reagents used for the reactions were purchased from Sigma-Aldrich (Munich, Germany) or Applichem (Darmstadt, Germany) and were used as obtained without further purification. Whenever possible the reactions were monitored by thin layer chromatography (TLC). TLC was performed on Macherey-Nagel aluminium-backed plates pre-coated with silica gel 60 (UV 254 ) (Macherey-Nagel, Düren, Germany). Melting points were determined in open capillaries using a Buechl B-545 melting point apparatus and are not corrected. Infrared spectra were determined using a Vector-33 Bruker FT-IR spectrometer. The samples were measured directly as solids or oils; ν max values were expressed in cm -1 and were given for the main absorption bands. The 1 H NMR, 13 C NMR, HMBC, HMQC and ROESY NMR spectra were acquired on a JEOL ECX-400 spectrometer. The NMR instrument was operated at 400 MHz for 1 H NMR and 100 MHz for 13 C NMR in DMSO-d 6 using a 5 mm probe. The chemical shifts (δ) were reported in parts per million (ppm) and referenced to the residual solvent peak. The following abbreviations are used: s, singlet; m, multiplet; br, broad signal. The ESI-TOF MS data were acquired on a high resolution micrOTOF Focus mass spectrometer (exceeding 15000 FWHM) in the negative or positive ion modes (Bruker Daltonics, Bremen, Germany) and the samples were dissolved in DMF, CH 3 CN and H 2 O. The analytical solutions were directly injected into the mass spectrometer via a syringe pump at a flow rate of 180 µL/h. Calibration was carried out using a 0.1 M solution of sodium formate in the enhanced quadratic mode prior to each experimental run. The ESI-MS/MS experiments were performed in an ion trap HCTultra Bruker Daltonics mass spectrometer and the results were collected and analyzed with Compass 1.3 data analysis software for a Bruker Daltonics mass spectrometer. Molecular modeling calculations were performed using HyperChem software (Release 8.0) at the AM1 level and no influence of solvents was taken into account. Circular dichroism measurements were carried out using Jasco-J-810 spectropolarimeter in DMSO. Dioxolane dicarbohydrazides 1-5 were prepared according to the literature. ,5S)-1,3-dioxolane-4,5-dicarbonyl)bis(N-(4-phenoxyphenyl) 
2,2′-((4S

